Purpose This phase I study assessed the safety, tolerability, maximum tolerated dose (MTD), pharmacokinetics, and preliminary antitumor effects of sunitinib combined with modified FOLFOX6 (mFOLFOX6). Methods Patients with advanced solid malignancies received mFOLFOX6 in 2-week cycles with escalating sunitinib doses (25, 37.5, and 50 mg/day) on three schedules: 2 weeks on, 2 weeks off (2/2); 4 weeks on, 2 weeks off (4/2); or continuous daily dosing (CDD). Patients received up to 8 treatment cycles (Schedule 2/2 and CDD schedule) or 6 cycles (Schedule 4/2). An expansion cohort enrolled patients with metastatic colorectal cancer at the Schedule 2/2 MTD. Results Overall, 53 patients were enrolled, with 43 evaluable for dose-limiting toxicity (DLT). On Schedule 2/2 (n = 18), DLTs occurred in three patients at 50 mg/ day (grade 4 neutropenia [n = 1]; grades 3 and 4 thrombocytopenia [n = 2]) and two patients achieved partial responses (PRs). On Schedule 4/2 (n = 13), 37.5 mg/day exceeded the MTD with two DLTs (febrile neutropenia and grade 4 hypokalemia, respectively). On the CDD schedule (n = 12), the MTD was 25 mg/day; one DLT (grade 3 stomatitis) was reported and two patients achieved PRs. The most common adverse events were neutropenia, fatigue, and thrombocytopenia. No clinically significant drug-drug interactions were apparent between sunitinib, its metabolite SU12662, and mFOLFOX6. Conclusions Sunitinib combined with mFOLFOX6 had acceptable tolerability. The MTDs were sunitinib 50 mg/ day on Schedule 2/2 and 25 mg/day on the CDD schedule. A MTD for Schedule 4/2 was not established.
in the tumor microenvironment, characterized by up-regulation of several pro-angiogenic factors, including vascular endothelial growth factors (VEGFs), basic fibroblast growth factor (bFGF), placental growth factors (PlGFs), and platelet-derived growth factors (PDGFs) [2] . These factors trigger endothelial cells to change from quiescent to active, promoting angiogenesis and tumorigenesis (reviewed in Ref. [3] ).
Sunitinib is an oral, multitargeted receptor tyrosine kinase inhibitor (TKI) of VEGF receptors (VEGFRs)-1, -2, and -3, PDGF receptors (PDGFRs)-a and -b, stem-cell factor receptor (KIT), FMS-like tyrosine kinase 3 (FLT3), colony-stimulating factor 1 receptor (CSF-1R), and glial cell-line-derived neurotrophic factor receptor (REarranged during Transfection; RET) [4] [5] [6] [7] [8] . It is approved multinationally for the treatment of advanced renal cell carcinoma, imatinib-resistant/-intolerant gastrointestinal stromal tumor, and unresectable or metastatic, well-differentiated pancreatic neuroendocrine tumors. In colorectal cancer (CRC), sunitinib was evaluated in a phase II clinical trial of heavily pretreated metastatic CRC (mCRC), in which one patient achieved a partial response (PR) and 13 patients achieved stable disease (SD) lasting C 22 weeks (n = 84) [9] .
FOLFOX is a combination regimen of 5-fluorouracil (5-FU; bolus followed by infusional), leucovorin, and oxaliplatin [10] . Compared with other FOLFOX regimens, modified FOLFOX6 (mFOLFOX6) includes a slight dose reduction in oxaliplatin as well as a 46-h 5-FU infusion, rather than two 22-h 5-FU infusions. mFOLFOX6 has been studied extensively in CRC and is often used off label in advanced pancreatic cancer. The most common toxicities are sensory neuropathy, neutropenia, lethargy, and diarrhea [11, 12] . The incidence of grade 3/4 toxicities can be as high as 59 % of patients [12] .
The decision to combine sunitinib with chemotherapy was based on studies demonstrating that modulating tumor vasculature improved the efficacy of cytotoxic therapy (reviewed in Ref. [13] ). This has been observed clinically, as antiangiogenic agents in combination with cytotoxic chemotherapy regimens showed improved outcomes compared with chemotherapy alone in patients with advancedstage solid tumors, including non-small cell lung cancer, metastatic breast cancer, and mCRC [14] [15] [16] . However, these studies used an antibody to VEGF. As a TKI, sunitinib may have broader activity.
The principal objectives of this study were to evaluate the safety and tolerability of escalating doses of sunitinib in combination with mFOLFOX6; to determine the maximum tolerated dose (MTD) of sunitinib; to evaluate the pharmacokinetics (PK) of sunitinib, oxaliplatin, and 5-FU; and to assess antitumor activity.
Patients and methods

Patient selection
Patients with histologically or cytologically documented solid malignancies not amenable to treatment with curative intent were eligible. Other key eligibility criteria included: age C 18 years; Eastern Cooperative Oncology Group performance status B 1; and adequate hematopoietic, hepatic, and renal function. Exclusion criteria included: previous treatment with high-dose chemotherapy requiring stem-cell rescue, grade C 2 peripheral neuropathy; known hypersensitivity reaction to 5-FU; known brain metastases; grade 3 hemorrhage within 4 weeks of enrollment; uncontrolled hypertension (blood pressure [ 150/100 mmHg despite optimal therapy); ongoing cardiac dysrhythmias of grade C 2, atrial fibrillation, or increased QTc interval ([450 ms for males or [470 ms for females); and myocardial infarction, severe/unstable angina, coronary/peripheral artery bypass graft, congestive heart failure, cerebrovascular accident, or pulmonary embolus \ 12 months before starting study treatment.
Early in the study, an amendment was added to exclude prior treatment with [6 cycles of alkylating-agent chemotherapy or [2 cycles of carboplatin-based chemotherapy, due to toxicities observed with initial patients.
The protocol was approved by each institution's Institutional Review Board. All patients provided written informed consent prior to enrollment, according to federal and institutional guidelines.
Study design and drug dosing and administration
This was a multicenter, phase I, open label, dose-escalation study to determine the MTD of sunitinib/mFOLFOX6 combination for three different dosing schedules.
Patients received sunitinib 25, 37.5, or 50 mg/day orally once daily in the morning without regard to meals, in combination with mFOLFOX6 (oxaliplatin 85 mg/m 2 ? leucovorin 400 mg/m 2 as a 2-h intravenous infusion, followed by an intravenous bolus of 5-FU 400 mg/m 2 and a 46-h infusion of 5-FU 2,400 mg/m 2 ) on days 1-2 of every 2-week cycle.
Sunitinib dosing was initiated at 37.5 mg/day on Schedule 2/2 (2 weeks on treatment, followed by 2 weeks off treatment), with subsequent dose escalation to 50 mg/day if the regimen was tolerated. If 50 mg/day was tolerated on Schedule 2/2, additional cohorts of patients received either 50 mg/day on Schedule 4/2 (4 weeks on treatment, followed by 2 weeks off treatment) or 37.5 mg/day on the continuous daily dosing (CDD) schedule. Once the MTD was determined for the sunitinib Schedule 2/2 regimen, an expansion cohort of patients with mCRC was enrolled to further evaluate this combination.
The MTD was defined as the dose level at which no more than 1/6 patients in a cohort experienced dose-limiting toxicities (DLTs). If the MTD was not exceeded within the planned dose levels, the maximum dose tested was defined as the MTD. Patients on the 2/2 and CDD schedules continued treatment for up to 8 cycles (16 weeks), while patients on Schedule 4/2 continued treatment for up to 6 cycles (12 weeks).
Toxicity was graded according to the National Cancer Institute's Common Terminology Criteria for Adverse Events (AEs; version 3.0). DLTs were defined as the following AEs occurring during the first two cycles (4-week cycles) on the 2/2 and CDD schedules, and during the first three cycles (6-week cycles) on Schedule 4/2: grade 4 neutropenia/thrombocytopenia lasting for C7 days, febrile neutropenia, neutropenic infection or grade C 3 thrombocytopenia with bleeding, grade C 3 non-hematologic AEs lasting C 7 days, or nausea/vomiting or diarrhea if persistent at grade C 3 despite maximal medical intervention.
Patients were DLT-evaluable if they had received full doses of chemotherapy on days 1 and 2 and C85 % of their sunitinib doses (12/14 doses on Schedule 2/2; 24/28 doses on Schedule 4/2 and the CDD schedule). Additional patients were recruited if patients discontinued from the study prior to the completion of the DLT observation time frame for reasons other than treatment-related toxicity.
At study completion, patients deriving clinical benefit were candidates for further sunitinib treatment on a separate continuation protocol.
Dose modifications
Dose reductions in the mFOLFOX6 regimen and/or sunitinib were permitted in order to manage toxicities accordingly. However, patients requiring sunitinib dose reduction beyond 25 mg/day were discontinued from the study. Dose escalation was not permitted.
Patients requiring [4 weeks of dose interruption (including the off-treatment period) were also discontinued from the study.
Safety and antitumor activity assessments
Baseline evaluations were conducted within 21 days of study entry. Laboratory tests were obtained on day 1 of every mFOLFOX6 cycle. Tumor measurements were performed at baseline, at 6-to 8-week intervals during the study depending on dosing schedule and at the end of treatment visit. Tumor response was assessed by investigators according to Response Evaluation Criteria in Solid Tumors (RECIST) version 1.0 [17] .
Plasma PK sampling and analysis Blood specimens for the evaluation of plasma sunitinib (and its active metabolite, SU12662), oxaliplatin, and 5-FU concentrations were collected from patients receiving sunitinib on Schedule 2/2. Administration of sunitinib during cycle 1 was delayed for 2 days to allow for PK evaluation of total and unbound (free) platinum and 5-FU at multiple time points throughout chemotherapy administration, up to the end of the 5-FU infusion. Blood samples for sunitinib and SU12662 analyses were obtained on cycle 1 day 14 and on cycle 2 day 1 pre-dose and at multiple time points up to 24 h post-dose. Plasma sunitinib, SU12662, total and unbound platinum, and 5-FU concentrations were determined using liquid chromatography/ mass spectrometry at Bioanalytical Systems Inc. (BASi; West Lafayette, IN). The lower limit of detection was 0.1, 0.1, 1, 2, and 10 ng/mL for sunitinib, SU12662, unbound platinum, total platinum, and 5-FU, respectively. Standard plasma PK parameters were determined by non-compartmental methods using WinNonlin Ò Version 4.1a (Pharsight Corporation; Mountain View, CA). Some of the PK parameters assessed included maximum plasma concentration (C max ); area under the plasma concentration-time curve (AUC) from time zero to 24 h post-dose (AUC 24 ), AUC from time zero to 48 h post-dose (AUC 48 ), and AUC from time zero to infinity (AUC ? ); steady-state plasma concentration (C ss ); and steady-state clearance (CL ss ).
Statistical analysis
The study population for safety analyses included all patients who received at least one dose of study medication. The DLT-evaluable population included all patients who met DLT assessment criteria as described above. The PK-evaluable population included all patients for whom PK sampling was completed on at least 1 day. The efficacy-evaluable population included all patients with measurable disease at baseline. Descriptive statistics were used to summarize patient characteristics, treatment administration/compliance, safety, PK parameters, and efficacy.
Results
Patient characteristics and disposition
Baseline characteristics are shown in Table 1 . More than two-thirds of patients had previously received chemotherapy for advanced disease (69.8 %; n = 37). Sixteen patients (30.2 %) discontinued the study due to disease progression, five (9.4 %) died on study, four (7.5 %) discontinued due to AEs, two (3.8 %) withdrew consent, and six (11.3 %) withdrew for other reasons. In total, 20 patients (37.7 %) completed the study and enrolled in the continuation protocol.
Drug exposure Table 2 outlines drug exposure for this study. The median number of sunitinib cycles started ranged from 1 to 4, depending on schedule. Sunitinib treatment was temporarily interrupted in at least one patient in each dose group and by all patients on the CDD schedule. Dose reductions were required in at least one patient from each group (except 37.5 mg/day on Schedule 2/2) and were primarily due to hematologic toxicities. The median number of mFOLFOX6 cycles started ranged from 3 to 8. One patient on Schedule 2/2 (sunitinib 50 mg/day) had an interruption of mFOLFOX6 treatment.
Most patients (C66.7 % in each group) experienced a delay or modification in dosing due to AEs at some point during the study. Nine patients discontinued sunitinib treatment due to AEs, compared with 18 patients who discontinued mFOLFOX6. No DLTs were reported at the sunitinib 37.5 mg/day dose level (n = 4). At 50 mg/day, 2/5 initial patients had DLTs (grade 4 thrombocytopenia and grade 3 thrombocytopenia with bleeding, respectively). Both patients were heavily pretreated, leading to a protocol amendment to limit prior alkylating chemotherapy (see ''Patient selection'' of ''Patients and methods''). Among the subsequent four patients enrolled, only one DLT (grade 4 neutropenia) was observed; therefore, the MTD on Schedule 2/2 was defined as sunitinib 50 mg/day.
Schedule 4/2
The sunitinib starting dose for this schedule was the MTD for Schedule 2/2 (50 mg/day). DLTs were reported in 2/6 evaluable patients (persistent grade 3 diarrhea despite maximal medical therapy and grade 3 fatigue C 7 days, respectively). Dose de-escalation occurred to 37.5 mg/day. Among the first four evaluable patients, one patient experienced grade 3 febrile neutropenia, and the cohort was expanded to an additional three patients. A second DLT occurred (grade 4 hypokalemia C 7 days), and therefore, sunitinib 37.5 mg/day on Schedule 4/2 exceeded the MTD. Further dose de-escalation to sunitinib 25 mg/day was not investigated, based upon preclinical data indicating that this schedule would not produce therapeutic levels of inhibition [6] . Hence, a MTD was not established for Schedule 4/2.
CDD schedule
The sunitinib starting dose for the CDD schedule was 37.5 mg/day. DLTs were observed in 2/6 patients (grade 3 neutropenia deemed clinically significant and grade 3 fatigue, respectively; both C7 days). Dose de-escalation occurred, and six patients on sunitinib 25 mg/day were DLT-evaluable; one patient experienced a DLT (grade 3 stomatitis lasting C 7 days), and thus, the MTD on the CDD schedule was sunitinib 25 mg/day.
Safety
Overall, the most common treatment-emergent AEs experienced by C20 % of patients were neutropenia (86.8 %), fatigue (66.0 %), thrombocytopenia (62.3 %), nausea (60.4 %), vomiting (58.5 %), peripheral neuropathy (50.9 %), and diarrhea (43.4 %). An increased frequency of AEs was observed with higher doses of sunitinib in combination with mFOLFOX6. In the majority of cases, these events were mild to moderate (grades 1-2) in severity (Tables 3, 4) . Serious adverse events (SAEs) were reported for 20 patients across all dosing regimens, but the 37.5 mg/day on Schedule 4/2 had the highest incidence with 7/12 patients (58.3 %) experiencing 21 SAEs. The most common SAEs were pyrexia (7.5 %) and dehydration, disease progression, febrile neutropenia, pulmonary embolism, and sepsis (all 5.7 %).
Pharmacokinetics
Plasma concentration profiles of sunitinib, SU12662, free platinum, and 5-FU, for sunitinib or mFOLFOX6 alone and in combination, are shown in Fig. 1 and indicate no significant changes in PK parameters when all drugs were given in combination. Similarly, geometric mean ratios for C max and AUC (sunitinib plus mFOLFOX6 to sunitinib or mFOLFOX6 alone) ranged from 0.98 to 1.24 and from 0.96 to 1.19, respectively, for sunitinib, SU12662, and free and total platinum (Online resource 1). For 5-FU, the geometric mean ratios for C ss and CL ss were 1.84 and 0.61, respectively.
Antitumor effect Table 5 summarizes the best overall tumor responses in 47 patients who had evaluable disease. Online resource 2 displays the maximum percentage change in target lesion size for each patient.
With regard to preliminary antitumor effects, there were no complete responses. However, four patients achieved PRs. Two of these patients were treated with sunitinib 50 mg/day on Schedule 2/2: a 42-year-old woman with metastatic ovarian cancer previously treated with CRC colorectal cancer, MTD maximum tolerated dose paclitaxel/carboplatin, doxorubicin, docetaxel/carboplatin, gemcitabine, and erlotinib; and a 58-year-old man with metastatic pancreatic adenocarcinoma who received gemcitabine in the adjuvant setting. Both patients completed 8 treatment cycles per protocol and transitioned to the continuation study with sustained PRs. They exhibited clinical benefit (PR or SD) for 9 and 7 months, respectively. The other two patients with PRs received sunitinib 25 mg/day on the CDD schedule: a 67-year-old man who had received no prior treatment for metastatic duodenal cancer (8 months of clinical benefit) and a 59-year-old man with metastatic pancreatic adenocarcinoma previously treated with capecitabine in the adjuvant setting ([31 months of clinical benefit). An additional 17 patients exhibited a best response of SD, including five with mCRC. All 12 patients with other tumor types were stable for C12 weeks and transitioned to the continuation protocol. Four of these patients had pancreatic adenocarcinoma and had prolonged clinical benefit of [48, 36, 7, and 4 months, respectively. Sustained tumor stability was also seen in medullary thyroid cancer (17 months) and adrenal carcinoma (13 months).
In patients with mCRC (n = 14), five patients achieved SD as their best response as noted above, with two successfully completing 8 treatment cycles and enrolling in the continuation protocol.
Discussion
The use of angiogenesis inhibitors is no longer a new concept. Angiogenesis involves signaling via receptor tyrosine kinases that include the VEGFRs and PDGFRs [18, 19] . Expression of the VEGF ligand has been associated with tumor growth, tumor metastasis, and poor survival in several tumor types, including colorectal, gastric, pancreatic, breast, prostate, lung, and melanoma [19] . Additionally, growing evidence suggests that inhibitors b Five grade 5 events were reported during the study and follow-up period due to disease progression (n = 1, sunitinib 37.5 mg/day Schedule 4/2; n = 2, sunitinib 37.5 mg/day CDD schedule); sepsis (n = 1, sunitinib 37.5 mg/day Schedule 4/2); and acute liver and renal failure secondary to disease progression (n = 1, sunitinib 25 mg/day CDD schedule). None of these events were assessed as related to treatment modulating tumor vasculature improve the efficacy of cytotoxic therapy (reviewed in Ref. [13] ), as reflected in the Food and Drug Administration approval of bevacizumab plus chemotherapy for CRC therapy regimens [14, 20] . Sunitinib is an oral, multitargeted receptor TKI against several receptors, including VEGFR and PDGFR. In preclinical models, sunitinib in combination with chemotherapy has shown increased efficacy compared with chemotherapy alone [21] [22] [23] .
In this phase I study, the most common AEs reported with sunitinib combined with mFOLFOX6 were neutropenia, fatigue, thrombocytopenia, nausea, vomiting, peripheral neuropathy, and diarrhea. These are expected side effects of sunitinib, but there was a higher incidence of grade 3 and 4 hematologic toxicities when compared with single-agent sunitinib [24] . Although the incidence of some AEs was greater at higher dose levels, dose-dependent cumulative toxicity was not apparent on Schedule 4/2 and the CDD schedule. Many patients in this study were heavily pretreated, possibly leading to increased susceptibility to myelosuppression. The prophylactic administration of granulocyte-colony-stimulating factor was not allowed; such use in future studies could potentially decrease the incidence and/or severity of neutropenia. The higher incidence of peripheral neuropathy in this study may also be attributed to the co-administration of mFOLFOX6.
It is also noteworthy that angiogenesis inhibitors do not all have similar AE profiles. Bevacizumab in combination with FOLFOX4 demonstrated an increase in hypertension, bleeding, vomiting, proteinuria, neuropathy, and thromboembolism compared with FOLFOX4 alone [20] . This difference in toxicity profiles may be important for patients who have a contraindication to one antiangiogenic agent and potentially allow the use of another drug in this class.
There were no apparent PK-mediated drug-drug interactions between sunitinib and mFOLFOX6. Even though there was an apparent increase in infusional 5-FU C ss on cycle 2 day 1 during co-administration of sunitinib and mFOLFOX6, this increase was consistent with prior reports in which 5-FU was shown to have disproportionately higher plasma exposures after multiple dosing (e.g., cycle 2 day 1) as compared with single dosing (e.g., cycle 1 day 1), referred to as time dependence [25] . Therefore, the higher exposure was not caused by co-administration with sunitinib, but was most likely due to the time-dependent PK of 5-FU.
The preliminary antitumor activity with this drug combination is encouraging, with several patients exhibiting clinical benefit. However, since mFOLFOX6 is an active chemotherapy regimen in some of these tumors, the additional benefit of sunitinib in this non-randomized clinical trial is unclear. Recently, results of a randomized phase IIb study of sunitinib 37.5 mg/day (Schedule 4/2) plus mFOLFOX6 versus bevacizumab plus mFOLFOX6 as first-line treatment for mCRC demonstrated similar antitumor activity in both groups [26] .
Interestingly, the combination of mFOLFOX6 and sunitinib in this study demonstrated activity in pancreatic In summary, the combination of sunitinib and mFOL-FOX6 was tolerated. A MTD was identified for two of the three schedules. Preliminary evidence of antitumor activity was observed, especially in patients with pancreatic cancer. Further evaluation of this combination in pancreatic cancer should be considered. 
